Staphylococcus aureus s6 sublethally heated at 52 "C for 15 min in 0.1 Mpotassium phosphate buffer pH 7-2, lost neither the ribitol teichoic acid of the wall nor the glycerol teichoic acid of the membrane. Hurst et al. (1974) showed that this heating caused 40 % loss of the cellular Mg, and we now report the loss of 65 % of the ester-bound D-alanine of teichoic acid. Repair from sublethal heat injury, measured by the return of salt tolerance, occurs in a simple no-growth medium provided that the cell concentration is < 5 x Io8/ml. During repair, D-alanine is rapidly synthesized. Fully-repaired cells contain four times more D-alanine than do freshly-injured cells. Magnesium is present in the medium at only 3 x I O -~ M, yet the cellular Mg concentration returns to normal within I h of incubation, even in the presence of EDTA. The results suggest that repair occurs in two stages. Soon after injury, in the absence of the competitive effect of D-alanine, Mg is strongly bound to teichoic acid. In repaired or uninjured cells Mg is less strongly bound. The implications of these findings are discussed in relation to the cation-binding function of teichoic acid.
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activity of membrane-bound enzymes (Archibald, 1972 ; Baddiley, 1972 ; Archibald et al. 1961; Knox & Wicken, 1973) . However, although in this paper we show that neither wall teichoic acid nor lipoteichoic acid is lost during sublethal heating, most of the ester-linked D-alanine of teichoic acid is lost. The consequences of this loss on Mg-binding during repair are discussed.
M E T H O D S
Sublethal heating recovery from injury. Staphylococcus aureus s6 was grown, plate-counted on Trypticase soy agar with and without 7.5 % (w/v) NaCl (TSAS and TSA), and heatinjured as previously described (Hurst et al. 1973 ). Heat-treated bacteria (4 x Ios/ml) recovered their salt-tolerance when incubated in a medium containing 0-I % Casamino acids (Difco), 0.03 M-N~,HPO, and 0.01 M-KH,PO,. This medium contained 3 x I O -~ Mmagnesium, although none was added; addition of extra Mg to this medium did not aid recovery. Penicillin (~o,ug/ml (was added to prevent growth and sometimes EDTA (4 x I O -~ M) to chelate free Mg ions.
Determination of Mg. Bacterial pellets were resuspended in 10 ml distilled water. Dry weight was determined on two I ml samples after drying overnight at 105 "C. Concentrated HNO, (I ml) was added to the remaining 8 ml and the suspension digested. The residue was adjusted to 10 ml with I ml La,Cl, (5 %, w/v) and distilled water. Magnesium was determined by atomic absorption spectroscopy (Oficial Methods of Analysis, 1965) . The concentration of the element was calculated, in ,ug/mg dry wt, and results were expressed as a percentage of the value of control cells.
Afinity of Mg for Staphylococcus aureus cells.
The affinity of Mg for sublethally-injured cells was measured by washing with NaCl (Tempest & Strange, 1966; Meers & Tempest, 1970; Tempest, Dicks & Meers, 1967) . The heat-injured cells were allowed to repair as described above and sampled hourly. Pellets were washed 0, I , 2, 3 and 4 times with 0.9 % NaCl and the residual Mg was determined.
Determination of phosphate. The method of Chen, Toribara & Warner (1956) was used. Preparation and examination of walls and membranes. Freeze-dried uninjured and injured cells were disrupted in a Braun homogenizer and walls were prepared and purified by the method of Archibald, Baddiley & Heptinstall (1973) . Walls ( I 5 mg) were hydrolysed with 4 ml of 4 M -H C~ at IOO "C for 3 h and examined by paper chromatography.
The membrane fraction of broken cells was used for preparing lipoteichoic acid after extraction with 80 % (w/v) aqueous phenol. Sepharose 6B chromatography yielded three peaks (Coley, Duckworth & Baddiley, I 972) ; appropriate fractions were freeze-dried, hydrolysed and examined by paper chromatography. Injury liquor (200 ml) was dialysed for 24 h against running tap water and then examined for lipoteichoic acid by the same method (Coley et al. 1972) .
Determination of lipoteichoic acid of whole bacteria. Preliminary experiments showed that the lipoteichoic acid of S. aureus s6 was a glycerol teichoic acid, as reported for other strains (Baddiley, 1972 ; Davison & Baddiley, 1963) . The determination of glycerol from defatted whole cells thus formed the basis for analysis of lipoteichoic acid.
Freeze-dried whole cells (0.5 g) were treated for 10 min at 4 "C with 100 ml of cold 5 % (w/v) trichloroacetic acid, then filtered, washed with acetone and ether and the residue was dried. This residue was then extracted with 500 ml of chloroform-methanol (2: I, v/v) for 24 h at room temperature, filtered and the residue extracted a second time with 400 ml of chloroform-methanol (2 : I). The extracts were used for the determination of polar lipids (see below). In an alternative procedure the treatment with trichloroacetic acid was omitted Sublethal heating of S. aureus 279 because of the possibility that it would release teichoic acid. The chloroform-methanol extraction was repeated six times. The two methods gave identical results. After extraction, the dry residue was hydrolysed with 20 ml of 4 M-HCl for 18 h, dried in vacuo over KOH pellets and repeatedly wetted with distilled water and dried. It was then resuspended in 0-1 M-(NH,),CO~ (20 ml), adjusted to pH 9.0 with ammonia and incubated overnight at 37 "C with 10 mg of alkaline phosphatase (Sigma). Finally this product was freeze-dried. Total and inorganic phosphate determination showed that the product contained no glycerol phosphates, so that all of the lipoteichoic had been converted to glycerol. The freeze-dried product (150 mg) was dissolved in 10 ml of distilled water and glycerol was determined enzymically (Enzyme Kit No. I 5989, Boehringer Mannheim GMBH, Germany).
Determination ofpolar lipids (i) On whole cells. The chloroform-methanol extract of whole cells retained from the determination of lipoteichoic acid, or extracts made by the method of Bligh & Dyer (1959) , were evaporated almost to dryness in a Biichi rotary evaporator at 40 "C, and adjusted to 2 ml with chloroform. The extracts were examined for polar lipids by thin-layer chromatography using the two-dimensional systems of Minnikin & Abdolrahimzadeh (1971). The plates were developed with a solution of potassium dichromate in sulphuric acid followed by charring at 200 "C. Quantitative determination was achieved with a Joyce-Loebel ' Chromoscan' fitted with the t.1.c. scanning attachment. The amount of polar lipid from injured cells was expressed as a percentage of that from uninjured cells.
(ii) On membranes. Cultures of Aerornonas hydrophila were grown and a staphylolytic enzyme prepared from the culture fluid (Coles, Gilbo & Broad, 1969) . Staphylococcus aurezis cells were converted to protoplasts with the crude Aeromonas enzyme preparation (Coles & Gross, 1973) . Uninjured or injured cells of S. aureus were suspended in 1.8 M-sucrose in 0.02 M-tris-glycine buffer (PH 8.2) at I mg dry wt/ml. Crude enzyme (20 %, w/v) in trisglycine buffer was added ( I ml/Io ml of cell suspension). On dilution with distilled water uninjured cells lysed completely after incubation at 37 "C for 40 to 60 min. Injured cells requiredlonger(ab0ut 100 min). After these times cell suspensions were diluted with 3 volumes of distilled water, centrifuged at 12000 g for 15 min to remove unbroken cells and wall fragments, and the membrane preparation was recovered from the supernatant by centrifuging at 45000 g for I h. The membranes were washed once with distilled water and then freeze-dried.
Freeze-dried membranes (roo mg) were extracted twice with 500 ml chloroformmethanol (2 : I ) at room temperature, each extraction lasting 24 h. The combined solvents were evaporated almost to dryness and the volume was adjusted to 2 ml with chloroform. The mixture was resolved by thin-layer chromatography and lipids were determined as described for whole cells.
Determination of D-alanine. To determine the D-alanine lost on heat injury, a culture was divided into three portions. After washing with 0' I M-potassium phosphate buffer pH 7-2, each portion was suspended, to 0.1 volume of the culture, in the same buffer and treated (i) in a boiling water bath for 30 min for total extraction, (ii) at 52 "C for 15 min for sublethal heat injury and (iii) at room temperature for an uninjured control. After each of the treatments the cells were centrifuged and the liquor examined for D-alanine. The boiling treatment did not remove D-alanine from the peptidoglycan, although it completely removes D-alanine ester residues from the teichoic acid (Kelemen & Baddiley, 1961) . The amounts of D-alanine removed by the other treatments were expressed as percentages of that removed by boiling water treatment.
D-Alanine synthesized during repair was estimated similarly. Samples were taken at 280
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0, 1.25,2.5,3.75 and 5 h of repair, and the cells were washed and then extracted in the boiling water bath as for the total extraction. After centrifuging, the extract was analysed for D-alanine. D-Alanine in the extracts was determined as described by Fey, Gould & Hitchens (1964) . It was converted to pyruvate using D-aminO acid oxidase (Sigma) and pyruvate was measured colorimetrically with 2,4-dinitrophenylhydrazine (Koepsell & Sharpe, I 962) . Each estimation was carried out on duplicate samples, one of which received no D-amino acid oxidase. This gave an estimate of the pyruvate content of cells, while the portion containing the enzyme gave an estimate of total pyruvate. The difference between total pyruvate and true pyruvate was the measure of D-alanine. Pyruvate was negligible in the stationaryphase cells used for heat injury, but an appreciable amount was synthesized during repair. This synthesis will be described in a separate communication. Compounds were detected by the following reagents : periodate-Schiff for polyols and glycosides (Baddiley et al. 1956 ); molybdate for phosphates (Hanes & Isherwood, 1949) ; alkaline AgN03 for reducing compounds (Trevelyan, Procter & Harrison, 1950) ; 0.3 % (w/v) ninhydrin in acetone for amino compounds.
R E S U L T S
Teichoic acids of Staphylococcus aureus s6 Acid hydrolysates of cell walls, examined by paper chromatography, contained ribitol, anhydroribitol, glucosamine, glucose, glycerol, glycerol phosphate(s), diglycerol phosphate, alanine and four ninhydrin-positive components. Thus strain s6, in common with other staphylococci (Baddiley, 1972) , contains a ribitol teichoic acid in its wall. The presence of glycerol and its phosphates probably indicates that the wall preparation was not entirely free from traces of membrane.
The aqueous phase from the extraction of membranes with 80 % (w/v) aqueous phenol was chromatographed on columns of Sepharose 6B and shown to contain three phosphorylated components. These results are similar to those of Coley et al. (1972) for S. aureus H and S. aUreUSA1 and acid hydrolysis showed that peak I represented a substance containing glycerol phosphate residues, alanine, glucose and glycerol but lacking glucosamine. This material was eluted with the void volume, and this is characteristic of lipoteichoic acid in the micellar form (Coley et al. 1972) . Material corresponding to peak 2 contained a little material corresponding to peak I together with a component possessing glucosamine and ribitol residues. This fraction probably contained teichoic acid originating from both wall and membrane. Extinction at 260 nm suggested that the material corresponding to peak 3 was mainly nucleic acid. Thus, the lipoteichoic acid of S. aureus s6 is a glycerol phosphate polymer, in common with other staphylococci (Baddiley, 1972; Coley et al. 1972; Davison & Baddiley, I 963) .
Teichoic acid content of uninjured and injured cells
The peaks in Sepharose 6B chromatograms of phenol extracts from either untreated or sublethally-heated cells were the same, suggesting that lipoteichoic acid was not lost from heat-injured cells. Concentrated injury liquor, extracted with 80 % (w/v) aqueous phenol Injured cells lost 37 % of their polar lipids. Previously it was reported that about 30 % of the total cell lipids were lost on injury (Hurst et al. 1973) .
Analysis of extracts of membranes showed that membranes from injured cells contained only about half of the polar lipids of membranes from uninjured cells. Selective loss of diferent species of polar lipids was not observed, although this possibility was not closely examined.
Loss of malanine
After heating at 52 "C for 15 min in IOO mwpotassium phosphate buffer, 98 % of the population became sensitive to NaCl; 60 to 69 % of the D-alanine ester of these cells was lost. In another experiment, cells were incubated in the repair medium after heat injury and regained their salt-tolerance in 5 h. The D-alanine content of these cells was 0.67 nmol/mg before and 0.30 nmol/mg after sublethal heating (55 % loss). After 1-25 h of repair the cells contained 0.95 nmol/mg, and this concentration increased linearly until it reached I -32 nmol/ mg when the cells were fully repaired.
Recovery of salt-tolerance and Mg-binding
Salt-sensitive (injured) cells lost 40 % of their cellular Mg (Fig. I) . When these cells were incubated in minimal medium they first regained their original Mg content and then regained their salt-tolerance. Figure I has several interesting features. The Mg content of cells rapidly returned to normal long before the cells regained their salt-tolerance. This occurred in the presence of EDTA, suggesting that injured cells have a very high affinity for Mg. As restoration of salttolerance proceeded there was some loss of Mg without interference with the repair process. This suggests that injured cells bind Mg differently from uninjured ones and that Mg-binding is less firm in repaired cells. EDTA present in the recovery medium was able to remove some Mg from the repaired cells (Fig. I) .
The affinity of cells for Mg during different stages of the recovery process was examined in an experiment similar to that shown in Fig. I . Samples were withdrawn at hourly intervals during the repair process. They were washed successively with 0.9 % (w/v) NaCl and the residual Mg was determined after each wash. Figure 2 shows that washing of freshly-injured cells with NaCl did not remove cellular Mg. As recovery proceeded, however such washing with NaCl removed Mg. No. of saline washes The food-poisoning S. aureus, strain s6, contained the usual teichoic acids. Phosphorus estimations showed .that sublethal heating caused no loss of wall teichoic acids. A novel method, based on the estimation of non-fat glycerol, showed that lipoteichoic acid was also not lost.
For the first time we report the loss of D-alanine ester residues from teichoic acid during sublethal heating of S. aureus. It was known previously that Mg and lipid were lost (Hurst et al. 1973 (Hurst et al. , 1974 and we now report the loss of 40 to 50 % of the polar lipids of themembrane. The cause of the loss of Mg during heating remains to be established, but our data are in accord with the possibility that Mg is jointly associated with teichoic acids and phospholipids and that the loss of the phospholipids could be responsible for the loss of Mg.
D-Alanine was rapidly synthesized in the repair process. Fully-repaired cells contained about four times more D-alanine than did freshly-injured cells. An early event of the repair process was the regaining of cellular Mg (Fig. I) . In freshlcinjured cells Mg was firmly bound and could not be removed by saline washing. As recovery proceeded, Mg became less firmly bound. Saline washing of recovered or uninjured cells removed some of the Mg (Fig. 2 ) .
These results agree with the concept that teichoic acids function by scavenging the medium for small amounts of cation (Meers & Tempest, 1970; 1970; Lambert, Hancock & Baddiley, 1975) . The diminished alanyl ester residues of the teichoic acid of freshly injured cells would be expected to give especially strong binding because alanyl amino groups reduce the binding strength (Heptinstall et al. 1970) .
The mechanism whereby teichoic acids bind cations and then transfer them to sites on or near the membrane has not been studied, although there is evidence that this might not be Sublethal heating of S. aureus 283 a simple ion-exchange procedure but could occur through the direct transfer of partiallyhydrated ions from one anionic centre to another along the teichoic acid (Hughes, Hancock & Baddiley, 1973) . A possible mechanism for the decrease in cation-binding strength due to the presence of alanine ester residues has also been given (Baddiley, Hancock & Sherwood,
The cation-binding properties of teichoic acids appear to be involved in the phenomena of heat injury and recovery in S. aureus. During heat injury cells suffer damage to the membrane, causing loss of both phospholipids and Mg, and possible wall damage through the loss of the D-alanine ester residues from the teichoic acid. The regaining of Mg could involve binding to teichoic acid which has lost its alanine, so that this Mg would be very firmly bound. As Fig. I shows, injured cells are able to take up as much Mg as they had originally in a medium of very low Mg concentration (3 x I O -~ M) even in the presence of 4 x I O -~ M-EDTA. This agrees with the earlier observation of Stiles & Witter (1965) that EDTA does not prevent repair. It also agrees with the observation (Fig. 2) that repeated washing of freshly-injured cells with NaCl solution does not remove Mg, although this treatment does remove Mg from repaired or uninjured cells.
Although our observations offer an explanation of the behaviour of heat-injured cells regarding their Mg-binding capacity on injury and on recovery, a full explanation of the observation (Erwin & Haight, 1973 ) that freshly injured cells are killed by NaCl, whereas later in recovery salt is only inhibitory, must await further work. A possible explanation is that freshly-heated cells, having lost Mg and alanine ester residues, bind Na to teichoic acid, a lethal event. Later in the recovery process, injured cells contain normal Mg levels, but are still salt-sensitive (Fig. I) . Sodium cannot bind to the teichoic acid of these cells and this process, though inhibitory for unknown reasons, is not lethal.
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